In order to improve the mechanical properties of Ti29Nb13Ta4.6Zr (TNTZ) alloy without increasing Young's modulus for application in bone prostheses, dispersion strengthening of TNTZ using yttrium oxide (Y 2 O 
Introduction
Ti29Nb13Ta4.6Zr (TNTZ) is a biomedical ¢-type titanium alloy, which consists of nontoxic and non-allergenic elements. 13) TNTZ has been developed for applications in bone prostheses because its Young's modulus (about 60 GPa) subjected to solution treatment is similar to that of human bone (1030 GPa 46) ), thus preventing the stress shielding effect and the subsequent resorption and weakening of bone. 7) However, the mechanical strength of TNTZ subjected to solution treatment is inferior to that of the Ti6Al4V alloy, which is a conventional titanium alloy used in biomedical applications. 8) Although an aging treatment improves the mechanical properties of TNTZ, Young's modulus also increases by precipitation of an ¡ phase. 9, 10) Therefore, strengthening methods without causing a simultaneous increase in Young's modulus are required for producing improved TNTZ applicable in bone prostheses. Dispersion strengthening is a method, which improves the mechanical properties without increasing Young's modulus.
1114) Particles dispersed in a matrix inhibit the sliding of dislocations, which leads to the strengthening of the alloys.
In a previous study, dispersion strengthening of TNTZ was demonstrated through the addition of rare-earth oxide particles such as Y 2 O 3 and TiB 2 to TNTZ. 15, 16) The small amounts of oxide particles added to TNTZ improved the fatigue property without causing an increase in Young's modulus. However, an increase in the amount of oxide particles led to particle aggregation, which seemed to result in a decrease in the mechanical strength of TNTZ.
In this study, the formation of well-dispersed oxide particles was attempted through a reaction between rareearth metals and the oxygen contained in TNTZ in order to improve the mechanical properties of TNTZ through dispersion strengthening. Yttrium (Y) was employed to form the oxide particles in TNTZ. Y is an element that reacts with oxygen more easily than the elements contained in TNTZ. The concentration of Y added to TNTZ was changed in order to investigate the influence of its concentration on the size and volume fraction of oxide particles formed in Y-added TNTZ, and the grain size and the mechanical properties (Young's modulus, tensile strength, 0.2% proof stress, and elongation) of TNTZ. Finally, an appropriate concentration of Y for the improvement of mechanical properties was determined.
Experimental Procedures

Preparation of TNTZ and Y-added TNTZ
A hot forged TNTZ rod (º25 mm) was used as the raw material in this experiment. Appropriate amounts of Y were added to TNTZ in order to prepare TNTZ ingots with Y concentrations of 0.05, 0.1, 0.2 and 0.5 mass% through levitation melting. Hereafter, these alloys are abbreviated as TNTZ0.05Y, TNTZ0.1Y, TNTZ0.2Y and TNTZ0.5Y, respectively, in tables and figures. A TNTZ ingot without the addition of Y was also prepared through levitation melting for comparison. The chemical compositions, as examined by induced coupled plasma optical emission spectroscopy for metallic elements and by an infrared absorption method for oxygen, and by a thermal conductivity method for nitrogen, are shown in Table 1 . The TNTZ ingots with and without Y were homogenized at 1273 K for 21.6 ks, followed by water quenching. They were then subjected to hot forging at 1273 K, followed by air cooling in an argon atmosphere. Subsequently, solution treatment was performed to the hotforged samples at 1063 K for 3.6 ks in vacuum, followed by water quenching. After the solution treatment, samples were cold rolled into plates at a reduction ratio of 87%. 
Microstructural observation
The phase constituents of the TNTZ samples were analyzed by X-ray diffraction (XRD) methods with Cu K¡ radiation at an accelerating voltage of 40 kV and a current of 40 mA. The samples for XRD analyses were polished using SiC abrasive papers of up to #4000 grit and buff-polished using a colloidal silica suspension. The analyzed surfaces were parallel to the rolling direction. The microstructures were observed using an optical microscope (OM) and a field emission scanning electron microscope (FE-SEM), fitted with an analyzer for electron probe microanalysis (EPMA), at an accelerating voltage of 15 kV. The shape and size of the obtained oxide particles formed in TNTZ with Y were observed by FE-SEM, and the composition of the oxide particles was analyzed by EPMA. The samples for the microstructural observation were wet polished using SiC abrasive papers of up to #1500 grit and then buff-polished using a colloidal silica suspension. After polishing, the samples were etched with 5% hydrofluoric acid for 120 s to obtain mirror surfaces.
Evaluation of mechanical properties
Young's moduli of the samples were measured by the free resonance method. The size of the samples for the measurement of Young's modulus was 10 © 40 © 1.5 mm 3 , and the measurements were performed on sample surfaces parallel to the rolling direction. The samples were polished using SiC abrasive papers of up to #1500 grit. Mechanical properties (tensile strength, 0.2% proof stress, and elongation) were evaluated by tensile tests using an Instron-type tensile testing machine. Samples with a thickness of 1.5 mm, a width of 3 mm, and a gage length of 13 mm were used for tensile tests. The longitudinal direction of the samples was parallel to the rolling direction. The samples for tensile tests were polished using SiC abrasive papers of up to #1500 grit. The tensile tests were performed at a crosshead speed of 0.5 © 10 ¹6 m·s ¹1 at room temperature in air. After tensile tests, the fracture surfaces of the samples were observed using a FE-SEM. Fatigue tests were performed on the samples of TNTZ and Y-added TNTZ at a frequency of 10 Hz with a stress ratio (R) of 0.1 under tension mode at room temperature in air. The same size samples as those used for the tensile tests were employed for the fatigue tests. 7 cycles without breaking, is about 470 MPa, which is higher than the value for TNTZ. The fatigue strength of Y-added TNTZ with a Y concentration of 0.05 mass% is considerably improved in both the low-and high-cycle fatigue life regions.
Results
Discussion
From the above results, it is found that Y, which added to TNTZ, produces well-dispersed Y 2 O 3 particles in the grains through a reaction between Y and the oxygen contained in 
Conclusions
The formation of dispersed Y 2 O 3 particles in TNTZ was intended in order to improve the mechanical properties of TNTZ through a reaction of the Y added to TNTZ and the oxygen contained in TNTZ. The following results were obtained in this study:
( 
